The compositional dependence of mechanical properties and microstructural change of the extruded Mg-Zn-Y alloys has been investigated in the effort to develop a high strength Mg-Zn-Y alloy with long period ordered (LPO) structure. The extruded alloy Mg 96 Zn 2 Y 2 exhibited a high yield strength of 390 MPa and elongation of 5% at room temperature, and of more than 300 MPa even at the elevated temperature of 473 K. The heat-treated ingot metallurgy (I/M) Mg-Zn-Y alloys containing very small amounts of yttrium and zinc are characterized by a lamellar phase constructed of 2H-Mg and 14H-LPO structures. Extrusion of the Mg-Zn-Y I/M alloys with LPO structure led to refinement of -Mg grains and high dispersion of a hard lamellar phase consisting of torn-off 2H-Mg and bent LPO structures with random grain boundaries, resulting in strengthening of the alloys.
Introduction
From an environmental point of view, magnesium alloys are very attractive materials because of their light weight and ease of recycling. Several wrought magnesium alloys such as AM50 and AZ31 have seen increasing use in automotive and industrial applications. 1, 2) However, the above mentioned commercial alloys have sub-optimal mechanical properties, including strength. Recently, Kawamura et al. have developed a rapidly solidified powder metallurgy (RS P/M) Mg 97 Zn 1 Y 2 (at%) alloy with excellent mechanical properties including a tensile yield strength of 610 MPa and elongation of 5% at room temperature.
3) Moreover, the alloy exhibited high corrosion resistance 4) and high-strain-rate superplasticity, and its elongation reached about 700% at 623 K. The alloy consists of fine grains of -Mg ranging in size from 100 to 200 nm, and a novel 18R-type long period ordered (LPO) structure. [5] [6] [7] [8] [9] The superior mechanical properties of this alloy seem to originate both in the fine-grained -Mg matrix and the LPO structure. Itoi et al. reported that 18R and 14H-type LPO structures were formed not only in rapidly solidified alloy but in as-cast Mg-Zn-Y alloys. Furthermore, 18R-type LPO structure transformed to 14H-type LPO structure by heat-treatment at 773 K. It was also found that the hardness of the secondary phase with the LPO structure is greater than that of the 2H-Mg matrix grains.
10) The appearance of the LPO structure may be expected to improve the mechanical properties of Mg 97 Zn 1 Y 2 alloys. However, the as-cast Mg 97 Zn 1 Y 2 alloys exhibit low tensile strength because of coarse grains in their microstructure. 11) In order to bring out the advantages of the LPO structure, it is necessary to control the microstructure of the alloys by using rapid solidification, 3, 9, 12) extrusion, 13) and so on. Extrusion 14, 15) and rolling 16, 17) processes, in particular, have been widely used for grain refinement in the microstructure of Mg alloys.
In this study, we have performed the hot-extrusion of cast
Mg-Zn-Y alloys heat-treated at 773 K with a 14H-LPO structure, so as to obtain fine microstructure. Particular attention has been paid to the changes in structure, and 14H-LPO structure dispersion, of the Mg-Zn-Y alloys before and after the extrusion of alloys of different compositions, in order to clarify the compositional dependence of their mechanical properties, that is, tensile strength and elongation.
Experimental Procedure
The alloy compositions used in this study were Mg 100ÀxÀy Zn x Y y (at%, x ¼ 0{2:5, y ¼ 0{3). Their ingots were prepared by high-frequency induction melting in an Ar atmosphere followed by homogenizing at 773 K for 10 h. The cast ingots were cut into rods with a diameter of 29 mm and length of 70 mm. The rods were extruded with an extrusion ratio of 10, at 623 K and a ram speed of 2.5 mmÁs À1 . The structure of the alloys before and after extrusion was investigated by X-ray diffractometry (XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). All samples were cut transverse to the direction of extrusion. Tensile tests were carried out using an Instron-type tensile testing machine at room and elevated temperatures with an initial strain rate of 5 Â 10 À4 s À1 . The dimensions of tensile specimens were 2.5 mm in diameter and 15 mm long for room-temperature tests, and 1.5 mm diameter and 10 mm long for elevated-temperature tests. The tensile axis was along the direction of extrusion.
Results

Mechanical properties
Figure 1(a) shows the variation in the tensile strength and elongation of extruded Mg 99Àx Zn 1 Y x alloy as function of yttrium content. The yield strength of the alloy increased considerably up to 320 MPa with the addition of 0.5 at% yttrium to the Mg 99 Zn 1 binary alloy, which had a low strength of only 170 MPa. Furthermore, the yield strength of the alloy gradually increased with increasing yttrium content from 0.5 to 2.0 at% but it reached a peak yield strength of 377 MPa at 2.0 at% yttrium, and thereafter the yield strength decreased. The elongation of the Mg 99Àx Zn 1 Y x alloys decreased considerably when below 1% in the range of 0.5-1.5 at% added yttrium, although the Mg 99 Zn 1 binary extruded alloy exhibited elongation of 15%. However, more than 2.0 at% yttrium added to Mg 99Àx Zn 1 Y x alloy restored the elongation from 1% to more than 6%. The extruded Mg 97 Zn 1 Y 2 alloy exhibited a yield strength of 377 MPa and elongation of 6%, while the tensile yield strength of the extruded alloy was three times that of the cast counterpart alloy with yield strength of 120 MPa. 18) It is noteworthy that these extruded Mg-Zn-Y alloys had very high strength, with the yield strength greater than 300 MPa even at 473 K, where their yield strength was about 1.5 times that of the commercial alloy WE54-T6. The extruded Mg 97 Zn 1 Y 2 and Mg 96 Zn 2 Y 2 alloys are promising materials for practical use because of their mechanical properties at room and elevated temperatures. Figure 4 shows XRD patterns of the extruded after extrusion, though XRD patterns of heat-treated alloys before extrusion were not included in Fig. 4 . In addition, these XRD patterns show that the extruded alloys have a remarkable orientation, as seen from three major peaks originating in ð10 1 10Þ, (0002), and ð10 1 11Þ planes. It is considered that the basal plane is parallel to the direction of extrusion. 20) Figure 5 shows SEM images of homogenized and extruded Mg 98Àx Zn x Y 2 alloys. The secondary phase, with fine lamellar contrasts, was observed in all samples examined in this study. As noted with XRD, these alloys consisted ofMg and Mg 12 ZnY phases. Therefore, the fine-lamellar contrast of the secondary phase is considered to be due to an LPO structure. [5] [6] [7] [8] 10) In Mg 97 Zn 1 Y 2 alloy, the refinement of microstructure and dispersion of the lamellar phase were observed after extrusion as shown in Figs. 5(a) and (b) . Figures 5(a) and (c) show that the volume fraction of lamellar phase increased with increasing zinc content, but a maximum volume fraction of lamellar phase was exhibited in the (Fig. 6(a) ). The grain size of -Mg was reduced to approximately 1 mm during extrusion. On the other hand, the extruded Mg 96:5 Zn 1:5 Y 2 alloy has two types of microstructure. One is typified by fine -Mg matrix grains with a small amount of the LPO structure (Fig. 6(b) ) as in the extruded Mg 97 Zn 1 Y 2 and Mg 96 Zn 2 Y 2 alloys. The other is coarse grains with a large amount of the LPO structure (Fig. 6(c) ). The large block-like LPO structure renders lamellar phase dispersion and grain refinement insufficient during extrusion. Figure 7 shows the TEM images and diffraction patterns of the extruded Mg 96 Zn 2 Y 2 , obtained through homogenized at 773 K for 10 h before extrusion. The selected area electron diffraction patterns taken from area A and B indicate Mg 3 Zn 3 Y 2 (cubic with a ¼ 0:68 nm) and 14H-type LPO structure, 10, 13) respectively. The extrusion process brings about moderate and continuous bending of the LPO structure with any given angle and refinement of -Mg and Mg 3 Zn 3 Y 2 compound. The cracked Mg 3 Zn 3 Y 2 compound was often observed next to bent LPO structure ( Fig. 7(a) ). A lowmagnification HRTEM image of the bent LPO structure shows a random grain boundary rather than a twin boundary (Fig. 7(b) ). These results suggest that the deformation is different in the 2H-Mg structure and the LPO structure and that ductility of LPO phase is higher than that of Mg 3 Zn 3 Y 2 compound. The high strength and ductility seems to originate in the bent LPO structure as well as the refinement of microstructure.
Microstructures
Discussion
This study has shown that the strengthening of certain extruded Mg-Zn-Y alloys is due to their highly dispersed LPO structure and fine-grained -Mg matrix grains. Therefore, effective control of the microstructure including the dispersion of the fine-lamellar structure (the 14H-LPO and 2H-Mg structure) seems to be important for further enhancement of the mechanical properties of Mg-Zn-Y alloys. In order to provide useful information on the relationship between microstructure and the mechanical properties of extruded Mg-Zn-Y alloys, we will discuss the effects of alloy compositional control on the formation of LPO structure and of warm extrusion on its dispersion.
The addition of a very small amount of zinc and yttrium to magnesium brings about the formation of an LPO structure in cast Mg-Zn-Y alloys. In the Mg 98Àx Zn x Y 2 alloys, the volume fraction of the lamellar phase, including the LPO structure, increases with increasing zinc content. However, the addition of more than 2 at% zinc to Mg 98Àx Zn x Y 2 alloy causes the formation of the Mg 3 Zn 3 Y 2 compound adjacent to the LPO structure in homogenized alloys. composition. It is known that the lamellar phase, including the LPO and 2H-Mg structures, is harder than the -Mg grains. 10) However, the as-cast Mg 97 Zn 1 Y 2 alloy has a low tensile strength of only 120 MPa because of the coarse -Mg grain size and localized and large-sized lamellar phases near grain boundaries as shown in Fig. 5 .
Warm extrusion is an effective technique to improve the mechanical properties of Mg-Zn-rare earth element alloys with lamellar phases, acting to refine the -Mg matrix grains and to disperse the lamellar phase. 13) From XRD results before and after extrusion, it is clear that neither phase change nor decomposition occurred in Mg-Zn-Y alloys. However, as SEM and TEM show in Figs. 5 and 6 , the refinement of -Mg grains, the high dispersion of lamellar phases, and the bending of the LPO structure with any given angle were certainly observed. Furthermore, the low-magnification HRTEM image reveals that the bent LPO has many random grain boundaries, i.e. a bent LPO structure is an aggregate of fine-grained LPO structures. The improvement of mechanical properties in these extruded Mg-Zn-Y alloys is considered to originate in the high dispersion of the bent LPO structure and the refinement of those structures and -Mg grains. The tensile yield strength of the extruded Mg 97 Zn 1 Y 2 alloy is three times that of the cast counterpart alloy.
The changes in the elongation of the extruded Mg-Zn-Y alloys are sensitive to microstructure, especially the volume fraction of lamellar phase. In the extruded Mg 98Àx Zn x Y 2 alloys, the elongation gradually decreases with increasing zinc content from 0 to 1.0 at%, and declines steeply thereafter to less than 1% at a zinc content of 1.5 at%. As mentioned above, the volume fraction of lamellar phase increased with increasing zinc content in the range of 0 to 1.5 at%. Excessive formation of the lamellar phase in the Mg-Zn-Y alloys would exert an inhibitory effect on the dispersion of lamellar phase during extrusion because of its high deformation resistance. (Fig. 6(c) ). Furthermore, warm extrusion is effective in refinement of -Mg grains and high dispersion of the lamellar phase, that is, the aggregate of the fine-grained LPO structures.
Conclusions
We have examined the mechanical properties and microstructure of extruded Mg-Zn-Y alloys of varying composition. The results are summarized as follows:
( in the extruded Mg 96 Zn 2 Y 2 alloy, with a maximum yield strength of 390 MPa and 5% elongation at room temperature, and more than 300 MPa of tensile yield strength at the elevated temperature of 473 K.
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